Objective: To determine if physical activity delivered by an infant's mother would be as effective in promoting bone mineral acquisition in preterm very low birth weight (VLBW) infants as the same intervention administered by a trained therapist.
Introduction
Premature infants (<37 weeks gestation), especially those with gestational ages less than 33 weeks and very low birth weight (VLBW, p1500 g) are at risk of developing osteopenia and subsequently suffering fractures. This is due to the limited accretion of bone mineral while in utero, the greater need for bone nutrients after birth than infants who are delivered at term gestation and the decreased postnatal calcium retention of their bones. [1] [2] [3] Although the provision of bone-related nutrients at advised levels increases bone mineral accretion, ex utero bone mineral accretion rates do not equal in utero rates even with normal body weight gain. 4, 5 Further, bone area (BA, cm 2 ) and mineral content (BMC, g) remain significantly lower than term infants at 1-year of age. 6, 7 Older children and young adults who were born prematurely have significantly shorter stature with lower bone size and mineral content than their peers. [8] [9] [10] These findings suggest a continued need for strategies that improve growth and bone mineral acquisition of premature infants during their initial hospitalization. [7] [8] [9] [10] Mechanical strain on bones and joints stimulates osteoblast activity, which promotes bone formation and mineral deposition. 11 Hypomineralized bone, reported in newborn term infants with neuromuscular disease, has been attributed to decreased movement in utero. 12 Standard care for hospitalized premature infants includes swaddling or 'nesting' and decreased sensory and physical stimulation. 13 Hospitalized premature infants, therefore, have limited physical movement. In two previous studies, we have shown that a daily physical activity intervention administered by a trained occupational therapist (OT) improves growth rate and bone mineral acquisition in preterm VLBW infants. 14, 15 Others have demonstrated a positive association between 'touch' or massage provided by the premature infant's mother and improved growth. 16 We hypothesized that physical activity delivered by the infant's mother would be as effective in promoting growth and bone mineral acquisition in premature VLBW infants as the same intervention administered by a trained therapist.
Methods
The subjects consisted of premature infants recruited from the newborn intensive care unit at the University Hospital, Salt Lake City, UT, from July 2000 to June 2004. Subjects were eligible for study under the following criteria: gestational age 26 to 31 weeks, appropriate body size for gestational age, ability to tolerate enteral feeding of fortified mother's milk at >110 kcal per kg body weight per day, medications other than appropriate vitamin supplements. Informed parental consent was obtained by the study coordinator (SDB). This study was approved by the University of Utah Institutional Review Board for Human Subjects.
Subjects were stratified by birth weight and gestational age (stratification levels: 800 to 1200 g and 26 to 28 weeks or 1201 to 1550 g and 29 to 31 weeks) and randomly assigned to receive physical activity provided by the infant's mother (MOM) or an OT, or to no physical activity (control, CTL). A random number table was used to generate group assignment, and the group assignment was placed in sealed envelope by the PI (LJMM). The study assignment envelope was opened by the study coordinator (SDB) at the time of informed consent. The physical activity consisted of range of motion movements against passive resistance to all extremities as previously described. 17, 18 The OT provided instruction and weekly review regarding the physical activity protocol and its administration to mothers of infants randomized to the MOM group. The infant's mother kept a diary to document administration of the physical activity program. As tactile stimulation may have influenced growth and development, CTL infants received a daily 5-min interactive period of being held and stroked by their mother. The study was initiated when the subject was tolerating enteral feeding at X110 kcal per kg body weight per day and continued until a body weight of approximately 2 kg (±150 g). Subjects were fed mother's milk with powdered fortification (Human Milk Fortifier, Mead-Johnson Nutritionals, Evansville, IN, USA) at a caloric density of 24 kcal oz À1 . Data collected at study entry included birth weight, gestational and postmenstrual age (weeks), gender, medical history, and prestudy dietary intake and growth rate. Body weight, intake and output were recorded daily. Neonova (Ross Laboratories, Columbus, OH, USA) was used to analyze dietary intakes. The number of physical activity sessions was collected from the maternal diary. Measurements taken at study entry and completion included body length and head circumference, serum and urine markers of bone turnover and dual energy x-ray absorptiometry of the right forearm (ulna and radius) using a portable unit (peripheral dual energy x-ray absorptiometry (pDXA), Norland Medical Systems, Fort Atkinson, WI, USA). Length measurements, in triplicate using a length board, and head circumference, in triplicate using a plastic tape were made by the same trained technician. Forearm measurements were made according to previously published protocol. 16 Quality control scans were performed daily on a manufacturer-supplied phantom. The day-to-day variation for BA (cm 2 ), BMC (g) and BMD (g cm À2 ) measurements were less than 0.6%. The coefficient of variation for repeated and repositioned measurements performed on term infants for BMC, BA and BMD was <1.5% for peripheral dual energy x-ray absorptiometry in our laboratory. All peripheral dual energy x-ray absorptiometry measurements were done by a certified densitometry technician who was unaware of the infant's group assignment.
Measurements of bone turnover markers included enzyme immunoassay of serum bone-specific alkaline phosphatase (BAP, MetraBAP, Quidel, San Diego, CA, USA) to assess bone formation and urine excretion of pyridinium crosslinks (Pyd, MetraPYD) to assess bone resorption. Colorimetric assay was used to determine urine excretion of creatinine.
On the basis of our previous work, 15 the minimum sample size was estimated to be 11 subjects per group to obtain a power of 0.80 and an expected positive gain in BMC of 0.10 g from baseline to 2.0 kg. 19 A one-tailed significance of 0.05 was used. Descriptive statistics, analysis of variance and covariance, and linear regressions were used to examine the data from baseline to study completion. As body weight and length have been shown to influence forearm bone mass, 20 these variables were treated as covariates. Data were analyzed using SPSS-PC þ (Version 11.5, SPSS, Chicago, IL, USA).
Results
Eighty-six infants were eligible for study and fifty infants enrolled for study after obtaining informed parental consent with 16, 16 and 18 infants assigned to MOM, OT and CTL, respectively. Eleven infants were transferred to another facility (five MOM, one OT and five CTL) and six infants were omitted from the analysis due to change from fortified mother's milk to premature infant formula during the study period (four OT and two CTL). A total of 33 infants (11 per group) completed the study. Gestational and postmenstrual age, birth weight, length and head circumference, and ethnicity were similar between groups (Table 1) . Body weight, length, head circumference, and prestudy dietary intakes were also similar at study entry. There were no differences in average energy and nutrient intakes between groups during the study period ( Table 1 ). The number of physical activity sessions was similar in MOM and OT infants with each group receiving six sessions per week of study. Although body weight at study completion was greater in MOM and OT infants (P ¼ 0.001), postnatal growth rate (g per kg body weight per day), length, and head circumference did not differ between groups before or during the study period (Table 2) .
Bone characteristics at baseline and 2.0 kg presented as the mean with fifth to ninety-fifth confidence intervals are shown in Table 3 . Forearm BA, BMC and BMD were similar at study baseline. At 2.0 kg forearm BA values were greater in MOM and OT infants compared to CTL infants (P ¼ 0.03). The size-adjusted gains for forearm BA and BMC from baseline to 2.0 kg were significantly greater in MOM and OT infants (Pp0.001) than CTL infants.
Serum and urine markers of bone activity did not differ between groups at baseline (Table 4) . Serum BAP values were relatively constant from baseline to 2.0 kg in MOM and OT infants, whereas CTL infants had significantly lower serum BAP levels at 2.0 kg (P ¼ 0.04). Urine Pyd excretion did not differ at baseline and 2.0 kg and was similar between groups. Both serum BAP and urine Pyd levels were within normal limits for all groups.
Predictors of bone growth and mineral acquisition derived from regression analysis values are found in Table 5 . Postnatal weight gain was positively related to forearm BA gain from baseline to 2.0 kg (R ¼ 0.42, P ¼ 0.01) accounting for 14% of the variability, although the regression model was not significant (P ¼ 0.20). Physical activity, however, was a significant predictor of forearm BMC gains from baseline to 2.0 kg (R ¼ 0.44, P ¼ 0.04) contributing 20% to the variability.
Discussion
To our knowledge this is the first study to document the effectiveness of a physical activity intervention provided by the infant's mother on bone growth and mineralization in premature VLBW infants. The physical activity program administered by the infant's own mother promoted bone mineral acquisition that was equivalent to bone mineral acquisition in a contemporary and earlier cohorts 14, 15 who received therapist-administered physical activity. Further, the findings of this study provide additional support for the use of a daily physical activity intervention on bone mineral acquisition in premature VLBW infants.
Previous longitudinal studies using densitometry of the forearm confirmed the need for higher intakes of dietary calcium, phosphorus and vitamin D to improve bone mineralization in premature hospitalized infants. 17, 18, 23 Infants in all three groups of this study were fed an equivalent energy and nutrient intake of fortified mother's milk at recommended levels 17 and experienced an equivalent postnatal growth rate. Earlier studies 14, 15, 24 reported a greater rate of postnatal weight gain in preterm VLBW infants who received daily physical activity, although energy and nutrient intakes did not diminish or differ between groups. The previous studies included premature infants fed with either fortified mother's milk or a premature infant formula. Fortified mother's milk and preterm formula differ in fat and calcium content and nutrient absorption. Therefore, the use of two different enteral feeding sources may have influenced postnatal growth rate reported in the earlier studies. This study restricted subject enrollment to premature VLBW infants who only received fortified mother's milk, which eliminated the infant's feeding source a confounding factor in regards to postnatal growth and bone mineralization. Peripheral dual energy x-ray absorptiometry was used to assess bone growth and mineralization for our studies, however, other methods have been used in premature VLBW infants. Bone speed of sound (SOS, m s
À1
) is measured by quantitative ultrasound, is a Physical activity and bone mass in premature infants LJ Moyer-Mileur et al surrogate for bone strength, and decreases significantly during the first 3 months of life in prematurely born infants. 25, 26 The decrease in bone SOS is thought to reflect expansion of BA coupled with delayed mineralization during rapid postnatal growth. 26 Recently, Litmanovitz et al. 27 reported tibia bone SOS was maintained in infants randomized to a daily physical activity regimen, whereas CTL infants experienced a significant decrease in bone SOS. The authors concluded that daily assisted exercise attenuates the decrease in bone strength that normally occurs in hospitalized preterm VLBW infants. These results complement our own findings and support the positive impact of daily physical activity on bone growth, mineralization and strength in premature VLBW infants.
Serum BAP, a surrogate marker of bone formation, is strongly related to BMC accretion in premature VLBW infants. 25 We observed a relatively constant serum BAP levels from baseline to 4 weeks in MOM and OT infants, but a significant decrease in CTL infants. Urine Pyd, a surrogate marker for bone resorption was unchanged for all groups. We did not find significant relationships between or Physical activity and bone mass in premature infants LJ Moyer-Mileur et al within serum BAP or urine Pyd and forearm BA, BMC or BMD changes. The serum BAP results differ from our previous study 15 and others 24, 27 in which serum BAP values were elevated in both intervention and CTL infants 27 or only intervention infants 15, 24 at study completion. However, similar to our results, bone resorption markers remained constant and did not differ between intervention and CTL infants. 24, 27, 28 The discrepancies in bone turnover markers study between our results and those of earlier investigators may be due to inclusion of smaller, more immature infants and/or infants who were fed premature infant formula in earlier studies. Despite these subtle differences, bone biomarker results provide further evidence that physical activity promotes or maintains bone formation and mineral deposition during postnatal growth in premature VLBW infants. Conversely, routine care, which limits movement, slows the rate of bone mineral acquisition in premature VLBW infants.
The most important aspect of this study is the documented effectiveness of a physical activity intervention administered to the infant by their mother on postnatal bone growth and mineral accretion. As well, assignment to the MOM cohort increased the mother's physical contact with her infant beyond routine care. The increased physical contact may provide other benefits such as decreasing stress in the mother and/or her infant. Premature birth and the newborn intensive care environment are stressful to both mother and infant and are associated with long-term consequences to the parent-child relationship. 22, 29 Massage, 16 skin-to-skin contact (kangaroo care) 21 and other intervention strategies 22 have been used in the newborn intensive care environment to decrease stress and improve parent-child interactions. We noted a high level of compliance by mothers who performed the physical activity intervention for their infants. Study compliance may reflect commitment to the study by the infant's mother; however, it may also reflect decreased maternal stress due to greater involvement in the infant's care. However, we did not obtain information on whether mother-administered physical activity decreased maternal stress and/or improved mother-child interactions. We are confident that maternal-administered physical activity to improve postnatal bone growth and mineral accretion is warranted; however, future studies should include methods to assess the impact of mother-administered physical activity on maternal stress and immediate and long-term mother-child behaviors.
Conclusion
This study documents the effectiveness of a maternal-administered physical activity program on bone growth and mineralization in premature VLBW infants. Further, the findings of this study continue to demonstrate the positive impact of a daily physical activity program on bone growth and mineral acquisition during early postnatal life. Stepwise linear regression analysis.
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